Little is known about the function and regulation of splenic ␥␦ T cells during chronic
Blood-stage parasites of the genus Plasmodium, the causative agent of malaria in both human and animal hosts, initially replicate unchecked. Subsequently, the elicited immune response controls parasite replication, reducing parasitemia to low levels (25, 27, 39) . Following reports of increased numbers of ␥␦ T cells in the peripheral blood of Plasmodium falciparuminfected human subjects (19, 33) , accumulating evidence indicates that ␥␦ T cells are a required component of the antibodyindependent, cell-mediated immune response that functions to suppress acute experimental parasitemia to low levels (39, 41) . A marked polyclonal expansion of the ␥␦ T-cell population is observed in the peripheral blood of patients acutely infected with P. falciparum, with the V␥9, V␦2, and V␦1 subpopulations predominating (5, 18) . ␥␦ T cells also increase in number in the peripheral blood during the paroxysms of Plasmodium vivax malaria (31) .
In vitro, human ␥␦ T cells proliferate in response to stimulation with malarial antigens (10, 39) ; produce various cytokines, including gamma interferon (IFN-␥) (9, 15) ; and are regulated by CD4 ϩ T cells (10) . ␥␦ T cells in peripheral blood mononuclear cells depleted of CD4 ϩ T cells fail to proliferate when stimulated with malarial antigens in vitro. However, the proliferative response of these ␥␦ T cells in CD4 ϩ T-celldepleted peripheral blood mononuclear cells is restored by the addition of exogenous cytokines that signal through components of the interleukin-2 receptor (IL-2R), such as IL-2, IL-4, and IL-15 (10, 12) . In addition, human ␥␦ T cells from naïve donors inhibit the replication of P. falciparum in vitro (11, 43) , possibly by granulysin-mediated mechanisms (13) . Taken together these findings suggest that ␥␦ T cells respond to malarial antigens and contribute to protection against malaria by killing blood-stage parasites.
Results from studies of mouse models of malaria also support the role of ␥␦ T cells as effector cells, as well as their regulation by CD4 ϩ T cells (42) (43) (44) . Splenic ␥␦ T cells increase ϳ100-fold in the spleens of B-cell-deficient J H Ϫ/Ϫ mice infected with different murine species of Plasmodium (43) . CD4 ϩ T cells are required for the splenic ␥␦ T-cell response to occur in vivo during Plasmodium chabaudi malaria in these mice (36, 47) . During acute P. chabaudi malaria, the splenic ␥␦ T-cell population begins to expand in the ascending phase of parasitemia before reaching peak values in the descending phase, and it remains elevated for weeks thereafter (43) . Splenic ␥␦ T cells from P. chabaudi-infected mice express CD25, CD44, and CD71 transiently, with maximal levels on day 10 of infection, but maintain their expression of the ␥␦ T-cell activation marker B220 (8, 43) . Cell cycle analysis indicates that once maximal expansion of the ␥␦ T-cell population occurs, proliferation then declines markedly, with only 15% of the cells exhibiting Ͼ1N DNA content (43) .
Mice depleted of ␥␦ T cells by monoclonal antibodies (MAbs) or gene knockout develop mildly exacerbated P. chabaudi parasitemia compared with ␥␦ T-cell-intact controls (24, 42) , suggesting a minimal role for ␥␦ T cells in protection against blood-stage malaria. However, when the function of ␥␦ T cells is examined in the absence of masking malaria-specific antibodies, it is evident that these cells are required for cell-mediated immunity (CMI) against the parasite (42, 50) . Whereas immunologically intact mice sterilize their infections, B-cell-deficient mice suppress the parasitemia of acute P. chabaudi malaria to low or subpatent levels (Ͻ5%), (16, 45, 49) . However, B-cell-deficient mice depleted of ␥␦ T cells by MAb treatment or gene knockout develop high levels of unremitting P. chabaudi parasitemia (36, 42, 50) .
Although the acute response and regulation of ␥␦ T cells during malaria have been examined, little information is available regarding the function and regulation of these cells during chronic malaria. In the present study, we therefore analyzed the regulation and function of ␥␦ T cells during chronic P. chabaudi malaria in J H Ϫ/Ϫ mice, where, in the absence of antibodies, their function is more crucial and easier to analyze.
MATERIALS AND METHODS
Infection of mice. Female and male C57BL/6 and BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME) and infected at between 6 and 16 weeks of age. J H Ϫ/Ϫ mice, which fail to produce immunoglobulins due to the targeted deletion of the J H gene segments in embryonic stem cells, are devoid of surface immunoglobulin-positive (Ig ϩ ) cells in the periphery because B-cell differentiation is blocked at the large CD43
ϩ precursor stage (6); breeding pairs of mice were provided by D. Huszar (GenPharm International, San Diego, CA).
Breeding pairs of G8 mice were kindly provided by S. Hedrick (University of California San Diego, San Diego, CA). These mice, which are on a BALB/c background, are transgenic for a rearranged ␥␦ T-cell receptor that is allospecific for the TL antigens of C57BL/6 mice (51). Mice were bred at the AALAC-accredited animal facility in the University of Wisconsin-Madison, and all procedures were approved by the institutional animal use and care committee.
The malarial parasite used in these studies, P. chabaudi adami 556KA, was maintained and used as described previously (4) . This strain is avirulent in mice with an intact immune system but induces high levels of unremitting parasitemia in immunodeficient SCID mice (47) . Frozen parasite stabilate was thawed and injected intraperitoneally (i.p.) into a BALB/c source mouse. Subsequently, blood obtained from the source mouse was used to generate inoculum for experimental animals. Experimental mice were injected i.p. on day 0 with 10 6 erythrocytes parasitized with P. chabaudi unless noted otherwise. During the subsequent course of infection, parasitemia was assessed by enumerating parasites in 200 to 1,000 erythrocytes on Giemsa-stained thin blood films. Groups of at least three sex-and age-matched mice between 6 and 16 weeks of age were used in each experiment. Data are presented as the percent parasitemia, calculated as number of parasitized erythrocytes/total number of erythrocytes ϫ100.
Flow cytometry analysis. Flow cytometry was performed on single-cell splenocyte suspensions as described previously (46) . Aliquants of splenocytes were incubated for 10 min with anti-Fc␥II (Fc block; Becton Dickinson, San Diego, CA). The biotinylated antibodies were anti-CD3ε (Boehringer Mannheim, Indianapolis, IN), anti-T-cell receptor ␣␤ (anti-TCR␣␤), anti-TCR␥␦, and hamster IgG isotype control (Becton Dickinson). Aliquants of splenocytes were incubated with these biotinylated antibodies for 20 min. After the cells were washed to remove free antibody, streptavidin-phycoerythrin (PE) (Southern Biotechnology Associates, Birmingham, AL) was incubated with the cells for 20 min. to fluorescently label the biotinylated antibodies. Fluorescein isothiocyanate (FITC)-conjugated antibodies were anti-CD3, anti-CD4, and anti-CD8 (Boehringer Mannheim) and rat IgG isotype control (Becton Dickinson); these MAbs were added at the same time as streptavidin-PE and were incubated with the cells for 20 min. The cells were washed twice and resuspended in 0.5 ml phosphate-buffered saline containing 5% fetal calf serum. Propidium iodide was added 5 min before data acquisition to allow exclusion of dead cells. Data acquisition was performed on a FACSCalibur (Becton Dickinson, Mountain View, CA) using the Cellquest program. Analysis was performed using the Attractors (Becton Dickinson) program.
Assessment of expression of selected activation markers and V-region usage was performed essentially as described above. Splenic ␥␦ T cells were fluorescence labeled with anti-TCR␥␦ (GL3) and with anti-CD45R (B220; Becton Dickinson). Three-color analysis was used to identify the V␥-and V␦-expressing ␥␦ T cells as detailed previously (34) . Anti-V␥1 (2.11), -V␥2 (UC3), and -V␦4 (GL2) conjugated with FITC were kind gifts from J. Bluestone, (University of Chicago, Chicago, IL) (20) . All other antibodies were purchased from Becton Dickinson. Anti-TCR␥␦-PE MAbs and anti-MAC1 conjugated with allophycocyanin were added to aliquants of splenocytes, and then V␥ region-specific anti-V␥1, -V␥2, and -V␥3 (FITC conjugated) were added to separate splenocyte aliquants. The anti-TCR␥␦ MAb labeled all ␥␦ T cells and allowed assessment of the percentage of ␥␦ T cells expressing V␥1, V␥2, and V␥3. The anti-MAC1 MAb was used in each aliquant of splenocytes to identify and exclude phagocytes from the analysis of ␥␦ T cells, because these cells are often a source of nonspecific labeling. Anti-V␦9 MAb was coincubated with anti-TCR␣␤-PE to exclude reaction with V␣ 2 regions. Anti-V␦4 MAb was coincubated with anti-CD3-PE because anti-V␦4 MAb inhibits binding of anti-TCR␥␦ MAb.
Drug treatment. Beginning on day 21 postinfection (p.i.) after the suppression of acute P. chabaudi parasitemia, J H Ϫ/Ϫ mice were treated for three consecutive days with 1.2 mg of sulfamethoxazole and 0.24 mg of trimethoprim/ml (TMP/S) in their drinking water or remained untreated. The drug cure was verified by the absence of parasitized erythrocytes on Giemsa-stained blood films. Spleens from drug-treated J H Ϫ/Ϫ mice and untreated controls with chronic malaria were dissected from groups of three mice each on days 6 and 32 posttreatment. Singlecell suspensions were subjected to flow cytometry analysis as described above.
In the rechallenge experiment, P. chabaudi-infected J H Ϫ/Ϫ mice and uninfected control J H Ϫ/Ϫ mice were treated with TMP/S as described above. On day 73 p.i., the drug-cured J H Ϫ/Ϫ mice and drug-treated but previously uninfected control mice were injected i.p. with 1 ϫ 10 6 P. chabaudi-parasitized erythrocytes. Antibody depletion. Anti-CD4 (GK1.5) and anti-TCR␥␦ (GL3) MAbs for depletion studies were purified by high-pressure liquid chromatography from ascitic fluid generated in SCID mice as described previously (47) . The proteins were Ͼ95% IgG as determined by silver staining of polyacrylamide gels. Control hamster IgG antibody was purchased from Accurate Scientific (Westbury, NY). On day 28 p.i. groups of five or six chronically P. chabaudi-infected J H Ϫ/Ϫ mice were injected i.p. with 0.5 mg/mouse of anti-TCR␥␦, 1.0 mg/mouse of anti-CD4 MAb, or 0.5 mg/mouse of hamster Ig. The parasitemia of each mouse was assessed before depleting MAb injections and again 7 days later. Efficiency of the MAb depletions was verified by flow cytometric analysis of mouse splenocytes.
Detection of selected cytokine mRNA in splenic ␥␦ and CD4 ؉ T cells. Spleens were dissected from chronically infected J H Ϫ/Ϫ mice at 3 weeks p.i. A single-cell suspension was made, and then the erythrocytes were lysed by hypotonic shock. The splenocytes were fluorescence labeled by incubating the cells with biotinylated anti-TCR␥␦, washing, and then incubating them with streptavidin-PE and anti-CD4-FITC. After being washed twice, the cells were fluorescence-activated cell sorted on a FACSvantage instrument, and 1 ϫ 10 7 CD4 ϩ or TCR␥␦ T cells were obtained for mRNA analysis; the cell purity was verified by flow cytometry. The sorted cell populations were pelleted by centrifugation at 1,100 rpm, and the RNA was isolated by guanidium isothiocyanate extraction. The RNA from each cell population was reverse transcribed using random-primed reverse transcription (RT) kits (Promega, Madison, WI) and then subjected to PCR amplification. The 50-l PCR mixture contained PCR buffer, 1.25 mM deoxynucleoside triphosphates, 10 l reverse-transcribed product, 1.25 U DNA polymerase, and 150 nM of PCR primers. The primers used are shown in Table 1 . Thirty cycles of PCR were performed on a thermal cycler (PTC-100; M-J Research, Watertown, MA). Each cycle consisted of 1 min of denaturation at 94°C, 1 min of annealing at 60°C, and 1 min of extension at 72°C. The PCR products were analyzed on a 1% agarose gel stained with ethidium bromide.
Statistical analysis. Analysis of variance with the Statview program (SAS Institute, Cary, NC) was performed to statistically compare parasitemias, cell numbers, and percentages in the different groups of mice.
RESULTS
The splenic ␥␦ T-cell population expands during chronic P. chabaudi infection of B-cell-deficient mice. Previously we reported that both CD4 ϩ ␣␤ and ␥␦ T cells proliferate in response to acute P. chabaudi malaria (43) . To determine whether these cell populations continue to expand during chronic P. chabaudi infection in J H Ϫ/Ϫ mice, the spleens of three mice per group were harvested at 0, 3, 6, and 12 weeks p.i. and the numbers of CD4 ϩ ␣␤ and ␥␦ T cells enumerated. Infected J H Ϫ/Ϫ mice had variable low-grade (Յ1.0%) parasitemia ( Fig. 1A ) and exhibited increasing numbers of splenic CD4 ϩ ␣␤ and ␥␦ T cells compared to uninfected J H Ϫ/Ϫ control mice throughout the observation period (Fig. 1B) . Spleen cell populations in two mice with chronic P. chabaudi malaria were also analyzed at 19 months p.i.; the spleens of the P. chabaudi-infected J H Ϫ/Ϫ mice weighed 4 and 5.2 g at harvest and contained Ͼ3 ϫ10 8 CD4 ϩ T cells and Ͼ4 ϫ 10 8 ␥␦ T cells/spleen (data not shown). Uninfected J H Ϫ/Ϫ mouse spleens weigh ϳ0.08 g and contain between 3 ϫ 10 7 and 5 ϫ 10 7 splenocytes, of which 1 ϫ 10 6 to 5 ϫ 10 6 are ␥␦ T cells (42) . The expanding populations of splenic ␥␦ T cells express different V genes. To determine whether splenic ␥␦ T-cell subpopulations responded differentially during chronic malaria, we assessed the V-region phenotypes by flow cytometry of splenic ␥␦ T-cell populations in groups (n ϭ 6) of B-cell-deficient mice with chronic P. chabaudi infection (day 18 p.i.) and in uninfected controls. The results of this V-region analysis of the representative uninfected B-cell-deficient mouse ( Fig. 2A) and the representative B-cell-deficient mouse with chronic P. chabaudi infection (Fig. 2B ) are shown as a percentage of total live splenocytes; the averages Ϯ standard deviations (SD) of each subset as a percentage of the ␥␦ T-cell population are given below. Isotype antibody controls labeled 1.4% Ϯ 1.2% of TCR␥␦ ϩ cells in uninfected mice and 0.2% Ϯ 0.1% of TCR␥␦ ϩ cells on day 18 p.i. The improved resolution reflects the percentage of ␥␦ T cells in splenic lymphocytes of uninfected mice (3.8% Ϯ 1.0%) compared with infected mice (23.5% Ϯ 7.3%). ␥␦ T cells from J H Ϫ/Ϫ mice with chronic P. chabaudi malaria were predominantly V␥1 or V␥2 positive (Fig. 2) ; V␥1 ϩ cells comprised 79.6% Ϯ 5.3% of the splenic ␥␦ T-cell population in J H Ϫ/Ϫ mice with chronic P. chabaudi malaria, and V␥2 cells comprised 6.6% Ϯ 3.2% the splenic ␥␦ T-cell population. The percentage of splenic ␥␦ T cells expressing V␥1 or V␥2 was 73.6% Ϯ 9.5% and 12.1% Ϯ 2.7%, respectively, in uninfected B-cell-deficient controls, indicating minimal preferential expansion of V␥1 (P ϭ 0.3) but a significant (P ϭ 0.03) decline in the percentage of V␥2 cells. Both V␥1 ϩ and V␥2 ϩ cells were blasts with forward scatter about 1.5-fold greater than that in uninfected control mice, and they increased markedly (ϳ100-fold) in number. Few (Ͻ2%) splenic ␥␦ T cells from either B-cell-deficient mice with chronic P. chabaudi malaria or uninfected controls were positive with anti-V␥3 (not shown) or anti-V␥9 (Fig. 2) MAb. Cells double labeled with anti-TCR␣␤ MAb and anti-V␥9/V␣2 are V␣2 ϩ cells, whereas the anti-TCR␣␤ MAb-negative cells are V␥9 ϩ (Fig. 2) . Anti-V␦4 labeled 1.4% Ϯ 1.1% of CD3 ϩ T cells in B-cell-deficient mice with chronic P. chabaudi malaria and 1.1% Ϯ 0.6% of CD3 ϩ T cells in uninfected controls (not shown), suggesting that few V␦4 ␥␦ T cells were detectable in the spleen and this subset did not expand preferentially during P. chabaudi infection.
Role of T-cell antigen specificity in the expansion of the ␥␦ T-cell subset and protection during chronic malaria. To assess whether all splenic ␥␦ T cells are activated during P. chabaudi malaria regardless of their antigen specificity, we infected ␥␦ T-cell-transgenic G8 mice (n ϭ 5) on a BALB/c background with P. chabaudi and assessed the ␥␦ T-cell response during descending parasitemia (day 10 p.i.) by flow cytometry. We previously reported that maximal activation of the ␥␦ T-cell population occurs at this time, when the numbers and percentages of splenic ␥␦ T cells are also maximal (18) . Splenic ␥␦ T cells from G8 mice infected with P. chabaudi failed to increase in percentage of splenocytes and did not express the activation marker CD45R (B220). On day 22 of P. chabaudi infection, the number of splenic ␥␦ T cells had increased in parallel with splenomegaly (ϳ2-fold), compared to 10-fold in BALB/c mice. ATG GAT GAC GAT ATC GCT  ATG AGG TAG TCT GTC AGG T  IL-2  CTA GGC CAC AGA ATT GAA AGA TCT  GTA GGT GGA AAT TCT AGC ATC ATC C  IL-4  CTG GAG CAA GTT TTA CGG CT  CTC TGA GAA AGC CCG AAA AG  IL-10  GTG AAG ACT TTC TTT CAA ACA AAG  CTG CTC CAC TGC CTT GCT CTT ATT  TGF-␤  GGA CAC CAA CTA TTG CTT CAG CT  CCT GGA CAC GCA GTA CAG CAA G  TNF  TCT CAT CAG TTC TAT GGC In addition, G8 mice failed to suppress their acute parasitemia (Fig. 3) . This experiment was repeated with similar results. The continued presence of viable parasites is required to maintain the expansion of the ␥␦ T-cell population during chronic malaria. To determine whether the expansion of the ␥␦ T-cell population detected during chronic malaria in J H Ϫ/Ϫ mice was dependent upon the continued presence of bloodstage parasites, groups of P. chabaudi-infected J H Ϫ/Ϫ mice were treated with TMP/S during the period of chronic malaria (days 21 through 23 p.i.). Infected control J H Ϫ/Ϫ mice remained untreated. TMP-treated mice were free of detectable parasites as determined by repeated negative blood films, whereas the chronic parasitemia in untreated J H Ϫ/Ϫ controls was detectable but low (Ͻ1%). The numbers of splenic ␥␦ T (Fig. 4) . The numbers of both CD4 ϩ T cells and CD8 ϩ ␣␤ T cells also declined, ϳ5-and 3-fold, respectively, after drug treatment.
␤-Actin

Homeostasis of T cells elicited in response to P. chabaudi infection is restored in drug-cured J H
؊/؊ mice. To determine whether the maintenance of immunity is dependent upon the continued presence of viable parasites and can be recalled, the time courses of P. chabaudi parasitemia in drugcured J H Ϫ/Ϫ mice and uninfected controls after challenge with 1 ϫ 10 6 parasitized erythrocytes were compared. Twentyone days after the J H Ϫ/Ϫ mice had suppressed their acute infections, they and uninfected J H Ϫ/Ϫ mice were treated with TMP/S for 3 days (Fig. 5A) . No parasites were detected in the Giemsa-stained thin blood films of the drug-cured J H Ϫ/Ϫ mice. Two months following drug cure, both groups of mice were challenged i.p. with 1 ϫ 10 6 P. chabaudiparasitized erythrocytes. The time course of infection in the previously infected and drug-cured J H Ϫ/Ϫ mice (secondary) was nearly identical to that in the drug-cured uninfected controls (primary) (Fig. 5B) . This experiment was repeated with similar results. CD4 ؉ T cells are required for the maintenance of protective ␥␦ T cells during chronic P. chabaudi malaria in B-cell-deficient mice. To determine whether CD4 ϩ T cells are necessary to maintain the elevated numbers of ␥␦ T cells in the spleens of J H Ϫ/Ϫ mice during chronic malaria, we treated chronically infected mice with anti-CD4 MAb. We also treated a second group of J H Ϫ/Ϫ mice with anti-TCR␥␦ MAb to determine whether ␥␦ T cells contribute to the control of parasitemia during chronic malaria. Control J H Ϫ/Ϫ mice chronically infected with P. chabaudi received hamster Ig in place of the T-cell-depleting antibodies. Previously, we have observed no detectable effect on parasitemia or immune response of Ig injection versus saline injection; consequently, we did not include both antibody controls. On the day of treatment with antibody (day 28 p.i.), all three groups of mice had similar levels of chronic parasitemia (hamster Ig, 0.5% Ϯ 0.2%; anti-CD4, 0.6% Ϯ 0.3%; anti-TCR␥␦, 0.5% Ϯ 0.4%).
On day 35 p.i., 7 days after treatment, parasitemia had risen significantly (P Ͻ 0.005) in anti-CD4-injected J H Ϫ/Ϫ mice compared with hamster Ig-injected control mice (Table 2) . No splenic CD4
ϩ T cells were detectable in the anti-CD4-treated mice by flow cytometry; the percentage of splenic ␥␦ T cells within the lymphocyte region declined significantly (P Ͻ 0.005) during this period, from 33% Ϯ 5% in hamster Ig-treated controls to 4% Ϯ 3% in anti-CD4-treated mice (Table 2 ). It is unlikely that the anti-CD4 MAb depleted splenic ␥␦ T cells, because flow cytometric analysis of splenocytes from either immunologically intact mice or B-cell-deficient infected with P. chabaudi did not detect any CD4 ϩ or CD8 ϩ ␥␦ T cells (43, 44, 47) . Few, if any, splenic ␥␦ T cells were detected by flow cytometry in anti-TCR␥␦-treated mice, and the parasitemia in the anti-TCR␥␦-injected J H Ϫ/Ϫ mice with chronic malaria increased significantly (P Ͻ 0.005) on day 35 p.i. compared to that in hamster Ig-treated J H Ϫ/Ϫ control mice during the same period ( Table 2 (Fig. 6 ).
DISCUSSION
A marked (100-fold) expansion of the splenic ␥␦ T-cell population occurs in J H Ϫ/Ϫ mice during acute infection with P. chabaudi (43, 44, 49) , but then the rate of increase in ␥␦ T-cell numbers diminishes during subsequent chronic parasitemia (43) . The observed increase in the number of ␥␦ T cells as chronic P. chabaudi malaria in B-cell-deficient mice progresses (Fig. 1B) suggests that an additional slow but steady accumulation of ␥␦ T cells occurs during chronic P. chabaudi malaria in B-cell-deficient mice. Because the percentage of proliferating cells falls after the acute phase of infection (16), ␥␦ T cells are long-lived and are maintained by the infection. Indeed, when parasites were eliminated by drug treatment, the number of splenic ␥␦ T cells declined over the course of a month, indicating that the continued presence of viable blood-stage parasites is required to maintain the expanding ␥␦ T-cell population during chronic malaria in J H Ϫ/Ϫ mice. Zinkernagel and Hengartner (52) have proposed that the persistence of antigen in the lymphohemopoeitic system, such as occurs during chronic infections, depletes antigen-reactive T cells, producing a mechanism to prevent immunopathology (52) . Apoptotic T cells have been detected during acute malaria in human and animal hosts (14) , but both CD4 ϩ ␣␤ T cells and ␥␦ T cells continue to increase in number throughout a 6-month period p.i. in B-cell-deficient mice chronically infected with P. chabaudi, where there is continual release of antigen when the parasitized erythrocytes lyse. Despite the continual presence of antigen, our results indicate that Plasmodium-specific CD4 ϩ T and ␥␦ T cells are maintained in the face of persistent antigen in chronically infected B-cell-deficient mice and are required to control the parasitemia.
Our results also indicate that the V␥1 T-cell subset maintains similar ratios in infected and uninfected mice but that the V␥2 subpopulation declines in B-cell-deficient mice with chronic P. chabaudi infection. These two subpopulations account for the vast majority of the splenic ␥␦ T cells, with the V␥1 subset (ϳ80%) exceeding the V␥2 subset (ϳ5%) by more than 15-fold. The remaining ␥␦ T cells expressing other V␥ regions comprised less than 15% of the splenic ␥␦ T-cell population. These results contrast with those of Seixas and Langhorne (36) , who reported that the V␥2 subpopulation expands primarily (Ͼ80% of ␥␦ T cells) in B-cell-deficient mice infected with P. chabaudi; they used the more virulent AS strain of P. chabaudi chabaudi and the -MT mouse in their studies, which might explain the conflicting results.
This differential expansion of V␥1 and V␥2 T cells during P. chabaudi malaria suggests that the ␥␦ T-cell response may be antigen specific. This contention is further supported by our findings with G8 mice infected with P. chabaudi. G8 mice are transgenic mice on a BALB/c background with large numbers of splenic ␥␦ T cells that are specific for the TL antigen on C57BL/6 mice (51). The presence of rearranged V␥ and V␦ regions suppresses rearrangement of the endogenous V␥ regions in T cells, so virtually all of the ␥␦ T cells express the transgenic receptor, with no detectable endogenous TCR␥␦ (51) . Splenic ␥␦ T-cell numbers in G8 mice increase markedly less in number (ϳ2-fold) in response to P. chabaudi infection than in BALB/c controls (ϳ10-fold). In contrast to ␥␦ T cells from infected BALB/c mice, ␥␦ T cells from infected G8 mice did not express the activation marker B220. Because there was minimal expansion of the ␥␦ T-cell population in G8 mice and these ␥␦ T cells did not express the activation marker B220, it is likely that responding ␥␦ T cells are TL antigen specific and that "endogenous" ␥␦ T-cell receptor, if any, is not sufficient to activate these cells. An alternate explanation for the minimal ␥␦ T-cell response in G8 mice infected with P. chabaudi is that the CD4 ϩ T-cell help in G8 mice for ␥␦ T cells is impaired and insufficient to activate the G8 ␥␦ T cells. The minimal expansion of G8 ␥␦ T cells during P. chabaudi infection may represent a homestatic control mechanism due to the large numbers of cells; however, the number of G8 cells is much lower (3 ϫ 10 7 ) than that observed in chronically B-cell-deficient mice (4 ϫ 10 8 ), suggesting that there is minimal if any homeostatic regulation of this cell population in B-cell-deficient mice.
Not only are CD4 ϩ T cells and ␥␦ T cells essential for the suppression of P. chabaudi parasitemia during acute infection, as we reported previously (17) , but both cell types are essential for the control of parasitemia during chronic infection. Depletion of either subset in chronically infected J H Ϫ/Ϫ mice resulted in an immediate and significant (P Ͻ 0.005) increase in parasitemia. Because the number of ␥␦ T cells declines markedly and rapidly after CD4 ϩ T-cell depletion in B-cell-deficient mice with chronic P. chabaudi infection, the ␥␦ T-cell population responding during malaria requires CD4
ϩ ␣␤ T-cell help. There is a similar requirement for CD4 ϩ T-cell help to initiate ␥␦ T-cell activation during acute malaria (47) . In the anti-CD4 MAb-injected mice with chronic P. chabaudi infection, virtually all the CD3 ϩ TCR␣␤ ϩ cells were CD8 ϩ , but there were cell types (e.g., NK cells and monocytes) with forward and side scatter characteristics of lymphocytes that are neither T nor B cells (100% cells Ϫ 44% ␣␤ T cells Ϫ 4% ␥␦ T cells Ϫ 0 B cells ϭ 52%) ( Table 2 ). This increase in the percentage of this cell type is due in part to the removal of the CD4 ϩ T cells, which normally comprise ϳ40% of the lymphocytes in B-celldeficient mice. Although we have not identified this cell type, their influx or proliferation in the spleen is not sufficient to control parasite replication. Although the depletion of ␥␦ T cells by MAb treatment had no effect on the number of splenic CD4 ϩ T cells, a significant (P Ͻ 0.005) increase in parasitemia also occurred. However, during acute parasitemia, ␥␦ T cells affect the nature of CD4 ϩ T-cell help, which becomes predominantly Th2 in ␥␦ T-cell-deficient mice rather than Th1 as reported for intact control mice (35) .
The mechanisms that CD4 ϩ T cells utilize to regulate ␥␦ T-cell numbers and function during chronic malaria remain to be elucidated but most likely involve the production of cytokines. Previously, we reported that the in vitro proliferation of human ␥␦ T cells in response to P. falciparum antigens requires the activation of CD4 ϩ T cells or the addition of exogenous cytokines signaling through the IL-2R (10, 12) . During acute malaria, CD4 ϩ T cells in B-cell-deficient mice produce a variety of Th1 cytokines, including IL-2, IFN-␥, TNF, and lymphotoxin (25, 39, 41) . Although the results of the RNA studies are not quantitative, they suggest that CD4 ϩ T cells from J H Ϫ/Ϫ mice with chronic P. chabaudi malaria have mRNAs for a mixture of type 1 (IFN-␥ and TNF-␣) and type 2 (IL-4, IL-10, and TGF-␤) cytokines. Indeed, we have observed similar cytokine profiles for CD4 ϩ T cells isolated from spleen, brain, and lung during Plasmodium berghei ANKA malaria (data not shown). We did not detect IL-2 mRNA in the CD4 ϩ T cells isolated during chronic malaria, but other cytokines, including IL-4 and IL-15, may function to maintain the ␥␦ T-cell population in infected B-cell-deficient mice. Indeed, most (Ͼ94%) splenic ␥␦ T cells in P. chabaudi-infected mice express CD122 (IL-2R␤ and IL-15R␤), but few ␥␦ T cells express CD25 (IL-2R␣) (data not shown). Human ␥␦ T cells stimulated with P. falciparum antigen express both type 1 and type 2 cytokines (9, 15 ϩ T-cell differentiation during malaria is to elicit either CMI through type 1 cytokines or antibody-dependent immunity (AMI) through type 2 cytokines (30); both arms of the immune response have been reported to be capable of suppressing the parasitemia of acute P. chabaudi malaria (38, 50) . Sexias et al. (35) reported that the production of type 1-dependent antibody isotypes (IgG2a and IgG2b) to Plasmodium antigens in response to primary P. chabaudi infection exceeds the type 2 dependent IgG1 antibody response. In addition, we observed that both IL-4 and IFN-␥ knockout mice are protected against P. chabaudi challenge after immunization with homologous antigenic constructs, AMA-1 or MSP-1 (2), further questioning the concept that protective antibodies against blood-stage P. chabaudi are IL-4 dependent.
The T cell-mediated immune mechanisms responsible for modulating parasitemia in J H Ϫ/Ϫ mice chronically infected with P. chabaudi remain unknown. Because no cytokine has been reported to kill blood-stage malaria parasites directly (25, 27, 39) , it seems likely that CD4 ϩ T cells function in the parasite-killing effector pathway by activating other downstream cell types, which then kill the parasites. We and others have observed that human ␥␦ T cells are capable of killing P. falciparum parasites in vitro (11, 40) by granulysin-mediated mechanisms (13) . Whether similar mechanisms function in vivo remains to be determined. Both CD4 ϩ T cells and ␥␦ T cells from chronically infected mice expressed mRNA for IFN-␥, which plays an important role in AMI to P. chabaudi malaria and an essential role in CMI to blood-stage infection (1, 37, 48) . When J H Ϫ/Ϫ mice are made IFN-␥ deficient by treatment with neutralizing MAb or gene-targeted knockout, they develop noncuring high-grade parasitemia despite having the same numbers of B220 ϩ splenic ␥␦ T cells as infected J H Ϫ/Ϫ single-knockout mice (unpublished observations). Whether the necessary concentration of IFN-␥ is provided by both T-cell populations or primarily from one has not been determined. Previously, we reported that B-cell-deficient mice infected with normally nonlethal Plasmodium yoelii develop chronic malaria instead of dying when treated with subcurative doses of clindamycin (32) . Some of the drug-treated mice were cured of their infections, but when subsequently challenged with homologous parasites, they developed fulminating fatal malaria (17) . In contrast, chronically infected mice maintained a low level of parasitemia despite being challenged with 1 ϫ 10 9 parasitized erythrocytes. As indicated above, the number of splenic ␥␦ T cells declined to preinfection levels in drugtreated B-cell-deficient mice that had been infected previously. When rechallenged, these mice developed parasitemia time courses nearly identical to those of naïve mice initially infected with P. chabaudi. In contrast, B-cell-deficient mice with chronic malaria resist superinfection following rechallenge (17) . These results, in addition to those of Seixas and Langhorne (36) , confirm and extend our original observation that CMI against blood-stage malaria parasites not only requires the continued presence of viable parasites but lacks a memory component as well. Whether CD4 ϩ T cells or ␥␦ T cells or both are responsible for this lack of memory remains to be determined. It is possible that the lack of memory is due to the activation of regulatory cells, though none of those described thus far appear to alter parasitemia. Alternatively, a productive interaction between B cells and CD4 ϩ T cells, which is lacking in B-cell-deficient mice, is needed to develop a CD4 ϩ memory response.
It has been stated that the roles of ␥␦ T cells in infectious diseases are enigmatic (3) . Similarly, the function of ␥␦ T cells in human malaria remains questionable. Both pathogenic and protective roles have been postulated for ␥␦ T cells (25, 27, 39) , but aside from the in vitro killing of P. falciparum (11, 13, 40) , there is little evidence to support either role. Although ␥␦ T cells increase markedly in the peripheral blood of adults suffering from acute P. falciparum malaria (19, 33) , they fail to do so in parasitemic pediatric and adult African subjects living in areas where malaria is endemic, possibly because their function is obviated by the presence of AMI as we have observed in mice (7, 21) . In contrast, the results of the present study of chronic malaria extend our previous findings and those of others to indicate that murine ␥␦ T cells play a vital in vivo role in immunity to malaria. As the mechanisms of how they accomplish this are understood, it may be possible to identify similar mechanisms functioning in human ␥␦ T cells during malaria and to modulate these to enhance parasite killing in vivo. Such efforts are currently under way to utilize ␥␦ T cells against human immunodeficiency virus and tumors in hopes of discovering new approaches to effect disease control (22, 23, 26) .
